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In the previous article we have presented a study of the transport properties of doped direct-gap
inverted-band polar semiconductors III-nitrides and GaAs in the steady state, calculated with a
nonlinear quantum transport theory based on a nonequilibrium ensemble formalism. In the present
one such results are compared with calculations using Monte Carlo-modeling simulations and with
experimental measurements. Materials of the n-type and p-type dopings in the presence of
intermediate to high electric fields, and for several temperatures of the external reservoir, are
considered. The agreement between the results obtained using the nonlinear quantum kinetic theory,
with those of Monte Carlo calculations and experimental data is remarkably good, thus satisfactorily
validating this powerful, concise, and physically sound formalism. © 2005 American Institute of
Physics. DOI: 10.1063/1.1999025
I. INTRODUCTION
As a general rule, in the study of transport phenomena
analytical-type methods have been based on Boltzmann-like
transport theories, which, however, have limitations when
nonlinear effects are relevant. Thus, improved analytical
methods, that is, nonlinear quantum kinetic theories for
studying physical phenomena in systems arbitrarily away
from equilibrium, are desirable. An advantage that they may
present in relation to Monte Carlo computational methods
resides in that the explicit equations of motion for the basic
nonequilibrium thermodynamic variables provide a better
physical insight and interpretation of the results.
Nonlinear quantum kinetic theories, appropriate for the
purpose just stated, have been derived based on various in-
tuitive techniques and ideas. One such theory based on sound
physical foundations, which is compact and practical, is
presently available. It consists in the kinetic theory that is
derived from an approach based on a nonequilibrium en-
semble formalism.1–5 It seems to offer an elegant and concise
analytical treatment of the theory of irreversible processes,
including a large class of experimental situations. It provides
a kinetic theory of large scope, described in the previous
article, which could be considered a far-reaching generaliza-
tion of the Boltzmann and Mori-Langevin formalisms.6–8 A
study of the ultrafast transient regime—which involves the
phenomenon of velocity overshoot—has been presented in
Ref. 9, while in the present study we complement the subject
with a study of the steady state.
Due to the absence of reports on experimental results in
the case of III-nitride compounds when under the action of
an electric field, the theoretical results cannot be compared in
order to validate such theory. Here we try to circumvent this
deficiency by attempting to validate the nonlinear quantum
transport theory we have introduced by comparing it with:
1 in the case of the III-nitrides with other calculations
based, mainly, on Monte Carlo-modeling simulations, and
2 experimental results in GaAs a polar direct-gap inverted-
band polar semiconductors as the III-nitrides on which a
great deal of experimental data is available.
Applications of the theory to the study of the ultrafast
dynamics of the photoinjected double plasma in direct-gap
inverted-band polar semiconductors is reviewed in Refs. 10
and 11. Nonlinear quantum kinetic equations were used for
solving the basic nonequilibrium thermodynamics variables
described in Sec. II of the previous paper, thus obtaining the
characteristics of the steady state in doped GaN and also in
GaAs, i.e., the cases of strong and intermediate polar semi-
conductors, respectively. The results are compared in some
cases with those resulting from Monte Carlo simulations and
with experimental results. In the previous paper a table has
been presented indicating the parameters of GaN used in the
calculations, those used for the case of GaAs are listed in
Table I.
II. COMPARISON WITH OTHER THEORIES
We begin considering n-doped zinc-blende GaN, with
n=1017 cm−3 and four different temperatures T0 of the ther-
mal reservoir which is in contact with the sample, as in the
Monte Carlo simulation of Mansour et al.,12 who reported
the calculated values of the drift velocity in the steady state
as a function of the electric-field strength, as we have done inaElectronic mail: clovesgr@terra.com.br
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a previous work Ref. 13. Both results are compared in Figs.
1 and 2 we can see that there is a good agreement, with
differences under 10%. At high fields our results are higher
than those of the Monte Carlo calculation as a consequence
of having used a parabolic band model, whereas at such high
fields of the order and over 100 kV/cm scattering to side
valleys in the band with a larger effective mass than the
central valley has an influence on current intensity. It can be
noticed that the drift velocity diminishes for each given value
of the field with increasing reservoir temperature. This is a
consequence of the relaxation of the energy in excess of
equilibrium of the system to the reservoir being less effec-
tive, which increases the levels of excitation of optical
phonons and carriers and thus increases their quasitempera-
tures and decreases the carriers’ drift velocity, as show in
Ref. 13.
Considering zinc-blende n-GaN, again with n
=1017 cm−3 and T0=300 K, and a calculation of the time
evolution of the drift velocity of the carriers in the presence
of an electric field of intensity 30 kV/cm is performed. Fig-
ure 3a shows the comparison of our results and those of a
Monte Carlo simulation by Foutz et al.14 The horizontal axis
is expressed in terms of the distance traveled by the carrier,
and the values there presented correspond to an elapsed time
of roughly 1 ps for 0.2 m. Both calculations predict a
velocity overshoot, and we can observe that they are in
agreement.
A quite similar situation is considered in Fig. 3b, ex-
cept for the field intensity being 60 kV/cm and the crystal-
line structure being wurtzite. A velocity overshoot is also
predicted, and the agreement between both results is good,
but not as good as in the case of Fig. 3a. The differences,
under 10%, may be ascribed to the fact that we used an
average electron effective mass and not the asymmetric one
of wurtzite structures.
Figure 4 shows the average energy of the carriers in the
steady state as a function of the electric-field intensity, with
n=1017 cm−3 and T0=300 K. The results of the Monte Carlo
simulation are from Kolnik et al.15 In our calculation the
average energy is given by E=3kBTe
* /2+meve
2 /2, where Te
* is
the electrons’ quasitemperature see Ref. 13. The agreement
is good except at high fields where a difference, under 8%,
can be noticed: as observed in the first paragraph of Sec. II it
can be ascribed to the fact that intervalley scattering not
considered by us may begin to have some influence at such
field intensities.
We turn now to the case of n-GaAs, with n=1015 cm−3,
T0=300 K, and an electric field of 1 kV/cm; the parameters
TABLE I. Parameters of GaAs.
Parameter Value
Electron effective mass me
*m0
a 0.067





lo phonon energy lomeV
a 37
to phonon energy tomeV
a 34
Static dielectric constant 0
c 12.91
Optical dielectric constant 
c 10.91
Volume of the unit cell Vccm3
d 1.810−22





FIG. 1. Electron-drift velocity vs electric-field intensity in zinc-blende
n-GaN, comparing the result using the kinetic theory with Monte Carlo
simulations from Ref. 12, for T0=300 K and T0=400 K.
FIG. 2. Electron-drift velocity vs electric-field intensity in zinc-blende
n-Gan, comparing the result using the kinetic theory with Monte Carlo
simulations from Ref. 12, for T0=500 K and T0=600 K.
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used in the calculations are shown in Table I. Figure 5 shows
the evolution in time of the electron-drift velocity, which
does not show a velocity overshoot. Both calculations are in
accordance, but demonstrating that the Monte Carlo simula-
tion of Ruch16 renders higher values however, with differ-
ences under 6% than ours; the reasons for this small discrep-
ancy are not clear, but we notice that our results are in better
agreement with the experimental results as shown in Sec. III.
Moreover, Fig. 6 shows the dependence in the steady state of
the electron quasitemperature Te
* cf. Ref. 13 with the
electric-field intensity, using n=1016 cm−3 and T0=373 K.
Our results are compared with those of Hilsum17 who calcu-
lates in Monte Carlo simulations the distribution of the car-
riers and from there the quasitemperature is derived by fitting
the distribution to a Maxwell-Boltzmann-like one.
III. COMPARISON WITH EXPERIMENTAL DATA
Ruch and Kino18 reported measurements of the drift ve-
locity of carriers in the steady state of n-GaAs, with n
=1018 cm−3 and T0=300 K. These results are compared in
Fig. 7 with the results calculated using the nonlinear kinetic
theory. We can see that there is an excellent agreement for
the range of values of the electric field up to 2.5 kV/cm
corresponding to an Ohmic regime. For fields of the order of
3 kV/cm and up intervalley scattering, not considered in
our calculations, is responsible for the nonlinear behavior
evidenced in the experiment.
In Fig. 8 we considered, in the case of n-GaAs, with n
=51015 cm−3, the mobility as a function of the reservoir
temperature for an electric field of 1 kV/cm. The full line is
our calculation which compares well with the experimental
results of Bolger et al.,19 Hicks and Manley,20 and Rode and
Knight.21 A very good agreement can be observed up to tem-
peratures of 500 K; after that differences of up to 20% at 900
K can be noticed. This can be ascribed to the fact that we
used a unique relaxation time for anharmonic processes cf.
Ref. 13 in the calculation, the one at 300 K and thereabouts,
FIG. 3. Evolution of the electron-drift velocity in n-GaN in terms of the
traveled distance, comparing the results of the kinetic theory with a Monte
Carlo simulation from Ref. 14: a zinc-blende n-GaN for an electric field
of intensity of 30 kV/cm and b wurtzite n GaN for an electric field of
intensity of 60 kV/cm.
FIG. 4. The carriers’ mean energy vs intensity of the electric field in the
steady state, comparing our results with a Monte Carlo simulation from
Ref. 15.
FIG. 5. Evolution of the electron-drift velocity in n-GaAs, comparing our
results with a Monte Carlo simulation from Ref. 16.
FIG. 6. The electron quasitemperature vs the electric-field intensity in the
steady state of n-GaAs, comparing our results with a Monte Carlo simula-
tion from Ref. 17.
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which is expected to be larger than the one at 900 K: at these
temperatures the excited optical phonons would lead to
shorter relaxation times for the carriers’ momentum the or-
dinate on the right and then to smaller conductivity.
In the case of a p-doped GaAs, with p=1016 cm−3 and an
electric field of 1 kV/cm, the same analysis of the second
paragraph of Sec. III can be applied. The experimental data
shown in Fig. 9 are from Wiley and DiDomenico.22 Our
calculation compares well with the observation, mainly in
the interval between 250 and 350 K; around 400 K the dif-
ference is of the order of 10%, roughly the same as at 200 K.
Again, as in the previous case, this can be a result of using a
unique relaxation time for anharmonic effects the one at 300
K in all the range of temperatures.
We consider the drift velocity of holes in the steady state
of p-doped GaAs, with p=61016 cm−3, for a large range of
values of the electric field in the valence band no side val-
leys are present and then no limiting values of the electric
field need to be considered and two reservoir temperatures,
namely, 300 and 469 K, showing, in Fig. 10, the comparison
with the experimental data reported by Dalal et al.23 The
agreement is good, within the experimental error, for T0
=300 K, and differences of the order of 10% can be noticed
in the case of T0=469 K, which are the results of the reasons
pointed out in the third paragraph of Sec. III above.
In Fig. 11 the drift velocity of the holes in the steady
state of n-doped GaAs, with n=1016 cm−3 and an electric
field of 2 kV/cm, but with a different temperature of the
reservoir, is shown. The experimental points are from Ruch
and Kino18 and the full line is our calculation: the agreement
is good except at the lowest temperature when the difference
amounts to roughly 8%, which is outside the experimental
error.
In the case of n-doped GaN, we present in Fig. 12 a
multiple comparison, namely, the drift velocity obtained
from experimental data,24 a Monte Carlo computation,25 and
the results from the nonlinear kinetic theory we use. Some
disagreement can be noticed between the three results:
Monte Carlo values are 60% above the experimental val-
ues, while ours are 40%, however, the increasing trend in
all of them compares well. It can also be noticed that the
determination of the velocity in the experiment was done via
the change in the electroabsorption associated with the car-
rier transport, using a fitting based on Franz-Keldysh effect
Eq. 2 in Ref. 25, which is somewhat imprecise. Recently
an alternative, and apparently more precise, experimental
procedure resorting also to optical measurements has been
suggested—Raman scattering of carriers in electric field—
which can also allow for measurements in the transient re-
gime femtosecond scale.26
IV. CONCLUSIONS
Transport properties of direct-gap inverted-band polar
semiconductors III-nitrides and GaAs, calculated with a non-
FIG. 9. Idem to caption of Fig. 8, but now in the case of holes in p-GaAs,
comparing our results with experimental data from Ref. 22.
FIG. 10. The drift velocity of holes in p-GaAs for a broad set of values of
the electric-field intensity, and two values of the reservoir temperature, com-
paring our results with experimental data from Ref. 23.
FIG. 7. The electron-drift velocity vs the electric-field intensity, in the
steady state of n-GaAs, comparing our results with experimental data from
Ref. 18. There is a good agreement at low fields, and no comparison is
possible for fields over 2.5 kV/cm since our calculations do not include
invervalley scattering.
FIG. 8. Electron mobility and momentum relaxation time in n-GaAs for
different values of the reservoir temperature, comparing our results with
experimental data  from Ref. 19, x from Ref. 20, and o from Ref. 21.
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linear quantum transport theory based on a nonequilibrium
ensemble formalism, have been compared with calculations
using Monte Carlo-modeling simulations and with experi-
mental measurements. Materials of the n-type and p-type
dopings in the presence of electric fields, and for several
temperatures of the external reservoir, have been considered.
The agreement between the calculations based on the nonlin-
ear quantum kinetic theory we used with the results of Monte
Carlo calculations and experimental data is remarkably good,
thus pointing out the validation of this powerful, concise, and
physically sound formalism.
Seemingly the advantage in relation to Monte Carlo cal-
culation consists in that the formalism, as noticed, provides a
set of nonlinear equations of evolution for the basic nonequi-
librium thermodynamic variables, and from where the trans-
port properties were obtained, giving a clear picture of the
physical phenomena that develop in the nonequilibrium dis-
sipative system. It can be stressed that, on one hand, the
kinetic equations make it clear which are the microscopic
quantum dynamics processes that contribute to the time-
dependent ensemble average statistical formulation, and
that, on the other hand, we are left with a set of coupled
nonlinear integrodifferential equations which admit a rela-
tively easier mathematical computational handling.
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